In our most recent study of normal aging, we found decreased concentration of multiple chemicals in the brain of middleaged subjects, as compared with younger subjects using in vivo proton magnetic resonance spectroscopy ( 1 H-MRS). We hypothesized that these age-dependent differences in brain chemistry changes might be a re¯ection of the multichemical-networking-pro®le (MCNP) changes during aging. Using 1 H-MRS and correlation analysis, we examined the patterns of regional chemical levels and MCNP within and across multiple brain regions for all nine chemicals of 1 H-MR spectra. The brain chemistry changes and MCNP patterns were compared between 21 young (19±31-year-old) and 31 middle-aged (40±52-year-old) normal volunteers. Middleaged subjects demonstrated a signi®cant decrease of chemical levels in the prefrontal cortex and sensorimotor cortex (SMC), as compared with the young age group. Of these, neurotransmitters GABA and glutamate in the dorsolateral prefrontal cortex (DLPFC) were altered the most. We also found a signi®cant increase of overall chemical correlation strength in MCNP within and across all studied brain regions with increased age. These changes were caused by alterations in the pattern of negative chemical connectivity across brain regions, which become weaker (less negative) in middle-aged subjects. The interregional chemical connectivity for the cingulate cortex, SMC and the thalamus was changed the most with increased age. Increased levels of chemical correlation strength across brain regions in aging were found for most chemicals studied (including neurotransmitters GABA and glutamate), and not for N-acetyl aspartate. These agerelated differences in the connectivity of neurotransmitters were not region dependent. The results suggest that aging is associated with changes of the regional brain chemistry and the brain MCNP. The latter process may re¯ect an adaptive or compensatory response (possibly related to the elongation of dendrites with aging) to reduced levels of regional brain chemicals. The 1 H-MRS approach proposed here can be used as a valuable tool in the study of the brain chemistry, MCNP and their relationships in normal and abnormal aging. Keywords: aging, human brain, multichemical networking pro®le, proton magnetic resonance spectroscopy.
, especially in the volume of prefrontal region (Raz et al. 1997) . Age-related decline in cerebral blood¯ow, glucose metabolism and oxygen consumption have also been reported in humans (Devous et al. 1986; Yoshii et al. 1988; Grady and Rapoport 1992; Murphy et al. 1996; Finch and Roth 1999; Schultz et al. 1999) , as well as in different animal models (Finch and Roth 1999) .
The age-dependent changes of the human brain chemistry have been examined for different age groups using in vivo proton magnetic resonance spectroscopy ( 1 H-MRS; Peden et al. 1990; van der Knaap et al. 1990; Bruhn et al. 1992; Christiansen et al. 1993; Kreis et al. 1993; Charles et al. 1994; Toft et al. 1994a Toft et al. , 1994b Cohen et al. 1995; Chang et al. 1996; Fukuzako et al. 1997; Lim and Spielman 1997; Novotny et al. 1999; Pfefferbaum et al. 1999; Saunders et al. 1999) . These 1 H-MRS studies indicated that the human brain chemistry is altered in aging. Our most recent 1 H-MRS study demonstrated the age-related reduction of chemical levels in prefrontal and sensorimotor cortices when young adults were compared with middle-aged (Grachev and Apkarian 2001a) . In the latter study we found the largest age-dependent changes (reduced levels with increased age) in the concentration of neurotransmitters (GABA and glutamate) in the dorsolateral prefrontal cortex (DLPFC). These ®ndings were considered as evidence for heterochronic (i.e. time-dependent irregular pattern) regressive changes of the aging human brain, where the multichemical brain regional pro®le seems to inversely recapitulate cortical chemical maturation within normal development. The latter report as well as all previous 1 H-MRS studies showed variations in the concentration of different chemicals in the brain as an attempt to explain age-related changes.
We recently described a multichemical networking pro®le (MCNP) of the human brain with different chemicals correlating in a speci®c way within and across brain regions (Grachev and Apkarian 2001b) . In this brain MCNP organization, the positive correlations were stronger between chemicals within each brain region, as compared with across regions, and the negative correlations were primarily seen across brain regions. These ®ndings were considered as evidence for local metabolic demands to give rise to the regional MCNP changes (positive correlations), and also as evidence for a secondary interregional competitive control mechanism for regulating metabolic demands (negative correlations). Given that (i) aging is associated with changes of brain chemistry and metabolism (these processes are linked with a decline in regional brain volumes and decrease in brain function measures) and (ii) there is evidence for a speci®c MCNP in the human brain, we hypothesized that age-dependent differences in brain chemistry (we will use the term`chemistry' rather thaǹ metabolism' because some of the studied chemicals are neurotransmitters and some are metabolites) might be a re¯ection of the MCNP changes during aging. To test this hypothesis we applied the 1 H-MRS method (as described in Grachev and Apkarian 2001b) to compare the brain MCNP patterns between 21 young (19±31-year-old) and 31 middleaged normal volunteers (40±52-year-old). We predicted that aging is associated with changes of MCNP of the human brain, which may be a re¯ection of adaptive or compensatory changes in a situation of reduced levels of brain chemicals. In these MCNP changes, the correlation strength of neurotransmitters (GABA and glutamate) in the DLPFC should be changed the most. This hypothesis was based on our pilot data in young adults where the strongest positive relationships were observed between cortical neurotransmitters (GABA and glutamate) vs. other regional chemicals (Grachev and Apkarian 2001b) , as well as our previous report that the largest age-dependent decline of the neurotransmitters is in the DLPFC (Grachev and Apkarian (2001a) .
Materials and methods

Subjects
Fifty-two normal right-handed volunteers [21 young adults (mean age 24.9^2.4, age range 19±31, 12 men and 9 women) and 31 middle-aged normal subjects (mean age 45.7^3.8, age range 40±52, 19 men and 12 women] participated in the 1 H-MRS study. Subjects were recruited by advertisement from the local community. Initial high-resolution magnetic resonance images (MRIs) of all subjects were obtained and examined by a staff neuroradiologist in order to exclude brain morphologic abnormality. Subjects with a history of neurological illness, head trauma or psychiatric disorder were excluded. The general purpose and the procedures were explained to the subjects. All subjects signed a consent form. The Institutional Review Board approved all the procedures used in this study.
Localized in vivo
1
H-MRS
Patient positioning
During each imaging session the subject was positioned on the scanner bed, and the whole head gradient coil was positioned over the head, oriented parallel to the long axis of the magnet. The subject's head was immobilized using a vacuum beanbag shaped to the individual's head.
Global shimming
Global shimming is a procedure for optimizing the magnetic ®eld homogeneity over the entire brain volume, as well as for each speci®c regional volume. Automated shimming has been used as a part of MRS software package spectro (GE Medical Systems, Milwaukee, WI, USA). These procedures are fast and ensure goodquality images and spectra.
Acquisition of MRIs for localization
All MRI and MRS experiments were performed on a 1.5-T GE (Signa; GE Medical Systems) clinical imaging instrument. Highresolution sagittal and axial views were used for the selection of a volume of interest. The relaxation time (T1)-weighted multislice spin echo scout images (repetition time, TR 500 ms; time echo, TE 12 ms; number of excitations, 2NEX; 256 Â 256 matrix; ®eld of view, FOV 24 Â 24 cm) of the entire brain were obtained with a 6.0-mm slice thickness and a 0.5-mm gap between slices, and the images were taken in 20 slice locations.
Selection of volume of interest Localized 1 H-MRS was then performed in four axial [thalamus, insula, orbital frontal cortex (OFC) and sensorimotor cortex (SMC)] and in two sagittal (cingulate and dorsolateral prefrontal cortex [DLPFC] ) locations in the left hemisphere (dominant) of right-handed normal volunteers as has been described previously Apkarian 2000, 2001a) . Brie¯y, we used 8-cm 3 voxels for each analyzed volume: 3.0 Â 1.8 Â 1.5 cm 3 for thalamus, 4.0 Â 2.0 Â 1.0 cm 3 for insula, 1.7 Â 3.0 Â 1.6 cm 3 for DLPFC, 2.0 Â 1.1 Â 3.5 cm 3 for SMC, 5.0 Â 1.6 Â 1.0 cm 3 for cingulate and 2.0 Â 2.0 Â 2.0 cm 3 for OFC. These boundaries were ®rst identi®ed on the Talairach atlas (Talairach and Tournoux 1988) using the following sections for regional voxel placement: horizontal 1 8 mm for the thalamus, horizontal 1 4 mm for the insula, horizontal 1 60 mm for SMC, horizontal 216 mm for OFC, sagittal 47 mm for DLPFC, and sagittal 5 mm for the cingulate; and then adjusted to the sulcal topography of the individual brain (Grachev et al. 1999) . The right hemisphere was not studied because of time limitations. The scan time for each region was 6.5 min with a total scanning time for all regions of about 1 h.
MRS data collection
Proton localized spectra were collected using a simulated-echoacquisition mode (STEAM) sequence (probe-s pulse sequence description (PSD), TR 1500 ms, TE 30 ms, 256 averages). All spectra were collected from identical-sized voxels, which were speci®c for each regional volume.
MRS data processing
All spectra were transformed into a standardized scale using the Scion image analysis package (Scion Corp., Frederick, MD, USA) and analyzed as described by Apkarian (2000, 2001a) . The relative concentrations of N-acetyl aspartate (NAA), choline (Cho), glutamate (Glu), glutamine (Gln), g-aminobutyric acid (GABA), myo-inositol complex (Ins), glucose (Glc) and lactate (Lac) were measured relative to concentrations for creatine/ phosphocreatine complex (Cr), which is commonly used as an internal standard. Three major peaks usually characterize the 1 H-MRS: NAA at 2.02 p.p.m., Cr at 3.0 p.p.m. and Cho at 3.2 p.p.m. N-Acetyl aspartate is the dominant peak in normal adult brain spectra. The Cr spectrum is a combination of creatine and phosphocreatine (Michaelis et al. 1993) . This peak was relatively stable across the studied subjects and was used as an internal standard. We used the ratios method relative to Cr because the effects of subject and subject group on total Cr peak and on each regional Cr peak were non-signi®cant (F-values were between 0.35 and 0.47, p 0.99). However, the coef®cient of variation (CV) determined for each regional Cr across all studied subjects (CV the standard deviation expressed as a percentage of the mean) showed some regional variations: Cr in insula 4.9%, Cr in thalamus 6.9%, Cr in DLPFC 7.8%, Cr in cingulate 8.1%, Cr in SMC 8.2%, Cr in OFC 8.9%, and total Cr in all regions was 11%. The differences in regional and total CVs for Cr across the studied age groups were not signi®cant. The proton Cho signal is a combination of Cho and Cho-containing compounds: Cho plasmogen, glycerophosphorylcholine, phosphorylcholine, cytedine-diphosphate-choline, acetylcholine and phosphatidylcholine (Michaelis et al. 1993) . The other observable chemicals that were measured in our study were Glu, 2.35 p.p.m.; Gln, 2.15 p.p.m.; GABA, 2.25; Ins, 3.60 p.p.m.; Glc, 3.43 p.p.m. and Lac, 1.3 p.p.m. Apkarian 2000, 2001a) . These smaller peaks are contaminated by signals from other chemicals and proteins, although the prominent signal is from the chemicals with which we identify these peaks (Salibi and Brown 1998) .
Reliability of the multichemical measurements
To compare the amount of variation in the measurement of multiple chemicals and their ratios, the CV was determined for each chemical. The CV determined by ®ve repeat scans of one region of interest in a single scanning session on one normal subject showed excellent reliability. These measurements, performed for the thalamus, were the following: NAA/Cr 2.5%, Cho/Cr 4.0%, GABA/Cr 6.6%, Glc/Cr 3.4%, Ins/Cr 2.0%, Lac/Cr 8.5%, Glu/Cr 6.5% and Gln/Cr 3.3%. A similar analysis for other brain regions also shows excellent reliability. The reliability study performed on the same subject during several weeks (®ve repeated sessions of six brain regions in an interval of one week) also shows excellent reliability (CV 2.0±9.5%). These results were consistent with the data presented by Simmons et al. (Simmons et al. 1998) , which measured chemical ratios from the same-sized voxel prescribed in occipital lobe and repeated ®ve times on eight normal subjects. The reliability study performed on the same subjects over 3 months only slightly worsened the results (Simmons et al. 1998 ).
Statistical analysis
The statistical program statistica99 (Version 5.5, StatSoft, Tulsa, OK, USA) was used for all analyses in this study. We determined concentration differences in the regional brain chemistry between age groups using analysis of variance (anova). The anova analysis tests whether the results of our previous report on a smaller cohort of subjects (Grachev and Apkarian 2001a) applies to a larger population. We tested the distribution of original data (chemical concentrations) for goodness of ®t using Kolmogorov±Smirnov and x 2 tests. In a three-way anova (two age groups Â six brain regions Â nine chemicals), age group, brain region, chemical and subject were used as explanatory variables. The outcome variable was taken to be chemical concentration relative to the Cr peak.
To examine networking patterns between regional chemicals (MCNP) for each studied age group we used correlation analysis. Correlations (Pearson's correlation coef®cient was taken to be the outcome variable) were determined across the 48 dimensional data (eight relative chemical concentrations across six brain regions). Distribution of original data (correlation strength) for goodness of ®t was assessed using the same Kolmogorov±Smirnov and x 2 tests as were used for concentrations. An anova was used to test the differences in the strength of correlations between age groups and chemicals within and across brain regions (four-way anova). In this anova, distribution of correlations (within a region vs. between regions), brain region, chemical and age group were used as explanatory variables. Additionally, descriptive planned comparisons were made using F-tests to explain observed differences in MCNP across factors and their interactions.
Results anova anova of concentration differences in the brain chemistry changes between age groups Because the age-dependent differences in the brain multichemical pro®le (concentrations) were determined in our previous report on a smaller cohort of subjects (Grachev and Apkarian 2001a), we tested whether similar changes can be found in the studied population of young and middle-aged subjects across the same chemicals and brain regions. ) and the interaction between the age group, brain region and chemical (F 40,2124 2.40, p , 0.000002). These results are consistent with our previous report (Grachev and Apkarian 2001a ), although they demonstrate a much higher statistical signi®cance across the studied factors and their interactions, possibly because of the larger sample of subjects studied. Middleaged subjects demonstrated a signi®cant decrease of mean relative chemical concentration for all chemicals in the DLPFC (this region was changed the most, F 72.91, p , 10 27 ), SMC (F 19.86, p , 0.0001) and OFC (F 4.87, p , 0.03), as compared with the younger age group (Fig. 1) . Other brain regions showed no agedependent signi®cant differences. These age-differential changes in regional brain chemistry were also consistent with our previous study, although differences were stronger. Because the strongest regional age effects were seen in the DLPFC, we examined which chemical shifts could explain the observed differences. In the DLPFC of middle-aged subjects, decreased chemical levels were detected for GABA (F 14.14, p , 0.0001), Glu (F 13.55, p , 0.0002), GABA 1 Glu (F 56.28, p , 10 27 ) and Gln (F 24.78, p , 10 26 ), showing the largest changes for neurotransmitters (see Fig. 1 ). These results are similar to our previous ®ndings within these age groups (Grachev and Apkarian 2001a) . anova anova of correlation-strength differences in the brain MCNP patterns between age groups Because the age-differential changes in the regional brain chemistry were con®rmed in this study on the larger cohort of the subjects studied (see the results section above and our previous report; Grachev and Apkarian 2001a), correlation analysis was used to determine putative relationships between multiple chemicals in and across brain regions, which we identify as MCNP. The MCNP patterns were examined for young-and middle-aged groups across 48 regional chemicals (eight relative chemical levels in six brain regions) (Fig. 2) . The original data for correlation strength were also distributed normally (Kolmogorov± Smirnov D 0.03, p , 0.01; and x 2 248.74, p , 10
27
). Because these data approximate well a normal distribution (similar to the distribution of chemical concentration that we described above), we also used anova to test whether these MCNP patterns are different between age groups, across brain regions, chemicals and distributions (i.e. within or across brain regions). We included distribution as a separate factor because we found a speci®c pattern of the brain MCNP organization in young adults, in which the positive correlations were stronger between chemicals within each brain region (as compared with across regions), and the negative correlations were primarily seen across brain regions. A 2 (age group) Â 6 (brain region) Â 8 (chemical) Â 2 (distribution) anova of the correlation strength revealed a main effect for age, distribution, chemical, brain region, the distribution Â chemical interaction, the distribution Â brain-region interaction, the distribution Â age-group interaction, the distribution Â chemical Â brain-region interaction, and the interaction between distribution, brain region and age group (Table 1) . These results are similar to our pilot study of effects of aging on the MCNP in the brain (Grachev and Apkarian 2001b) .
For both age groups, correlations between regional chemicals within brain regions were primarily positive (mean r 0.49), and the chemical correlations between brain regions were less positive (mean r 2 0.05), which suggests a balanced distribution between positive and negative correlations across brain regions (Fig. 2) . This difference (within versus between brain regions) was signi®cant (F 941.7, p , 10 27 ) across all brain regions studied (Fig. 3) , which is in accord with our previous pilot study of MCNP patterns in the brain (Grachev and Apkarian 2001b) . The middle-aged subjects demonstrated a signi®-cant increase of overall chemical correlation strength, as compared with the younger age group (F 1,4416 22.5, p , 10 25 ), mainly as a result of age-dependent changes for the interregional chemical correlations (Figs 4 and 5) . The interregional chemical correlations in MCNP were different between age groups, and not for chemical correlations within brain regions. The middle-aged subjects Fig. 1 Three-dimensional surface plot showing differences in relative chemical concentration for six brain regions between young (19±31-year-old) and middle-aged (40±52-year-old) subjects. Decreased chemical levels in DLPFC (strongest effect) are seen with increased age. In the DLPFC of middle-aged subjects, decreases of chemical levels are seen for neurotransmitters GABA and glutamate (black arrow), as compared with young-aged (white arrow). In these statistical graphs, concentration values (relative to concentration for creatine/phosphocreatine complex [Cr] ) are presented as color-coded gradients (red high, green low). These surface plots are a visual aid of statistical results; they do not imply continuity between chemicals or brain regions. (Fig. 6 ). These changes for the cingulate cortex, SMC and the thalamus (interregional connectivity) were in opposite directions to those observed for the chemical correlations within the same brain regions Fig. 2 Relationship between the distribution of correlations (within and between brain regions) and the correlation strength (R) for a population of the studied subjects (95% con®dence limits to regression line is indicated). The correlation strength within brain regions is stronger (more positive) than between brain regions (more negative). Fig. 3 Relationships between the distribution of correlations across six brain regions in the young and middle-aged subjects, and the correlation strength (R). The correlation strengths within brain regions are stronger (more positive) than between brain regions (more negative) across all studied brain regions and age groups. [intraregional connectivity become less positive in these brain regions with increased age (F 16.07, p , 0.00006); Fig. 6 ]. The MCNP patterns across brain regions were different between age groups for most chemicals (including neurotransmitters GABA and glutamate), except for NAA. We found an age-differential pattern of chemical connectivity for both neurotransmitters (GABA and Glu) vs. the other chemicals within cortical regions (F 7.12, p , 0.01) and across cortical regions (F 6.31, p , 0.02) . Within cortical regions, the correlation strength of GABA and Glu was decreased with increased age (less positive). Across cortical regions, the correlation strength of GABA and Glu was increased with increased age (less negative). However, these age-related differences in neurotransmitters were not region dependent.
Discussion
In our previous reports, the means of chemical concentrations across brain regions were highest in OFC and DLPFC Apkarian 2000, 2001a ). In the current study, the age-speci®c reduction of chemical concentrations was observed in the same brain areas, which show the highest levels of chemical concentrations (mostly prefrontal cortex), caused by the largest changes for neurotransmitters GABA and glutamate (these changes were similar to those observed in a smaller cohort; Grachev and Apkarian 2001a) . Decreases in the number of neurons and synaptic connections in the prefrontal cortex, which may occur in normal aging, may cause the reduction of neurotransmitter levels in this brain region. This explanation is consistent with results of earlier brain autopsy studies by Flechsig (Flechsig 1901) , which demonstrated spatially distributed processes of myelination within neocortex. The myelination of cortical areas in the perinatal period follows a de®nite chronological sequence and frontal cortex myelinates last (Flechsig 1901; Fuster 1997) . This spatially distributed process continues for years with patterns of myelination from inferior to superior brain surface and from posterior to anterior (Yakovlev and Lecours 1967 ). In the current study (as well as in our previous report; Grachev and Apkarian 2001a) we con®rmed the evidence for a speci®c pattern of regressive changes in the brain where the largest changes occur in the frontal cortex. A correspondence between processes of neuronal maturation vs. regression in relation to the brain multichemical pro®le was discussed. Both maturation and regressive changes have a time-dependent irregular pattern, although regressive changes affect more sensitive brain areas that maturate last. The results of our current study also support heterochronic regressive changes of the human brain in aging, where the MCNP (as well as the pro®le for Fig. 6 Relationships between age (young vs. middle-aged subjects) and correlation strength (R) across six brain regions and two distributions (within and between brain regions). The effects of age on the correlation strengths are seen for the cingulate cortex, SMC and thalamus. Within these brain regions the correlation strength becomes less positive with increased age. Between these brain regions the correlation strength increased (less negative) with increased age. chemical levels; Grachev and Apkarian 2001a) seems to inversely recapitulate cortical multichemical networking maturation within normal development. Although the MCNP patterns in aging seem to be less speci®c in terms of regional involvement as compared with chemical concentration changes (changed most in frontal cortex). Interestingly, the development of Alzheimer-related neuro®brillary changes in the neocortex also inversely recapitulates cortical myelogenesis, although in this disorder the temporal and parietal lobes are disproportionately affected relative to the frontal lobes (Braak and Braak 1996) .
In our previous pilot study we described the MCNP properties of the human brain (Grachev and Apkarian 2001b) . In this brain MCNP organization, the positive correlations were stronger between chemicals within each brain region, as compared with across regions, and the negative correlations were primarily seen across brain regions. In our current report we demonstrate a signi®cant increase of overall chemical correlation strength between brain regions with increased age. Speci®cally, these changes were caused by alterations in the pattern of negative chemical connectivity across brain regions (not between chemicals within brain regions), which become weaker in middle-aged subjects. Also, we found age-differential MCNP patterns across brain regions for most chemical types (increased levels of overall chemical correlation strength), including neurotransmitters GABA and glutamate, and not for NAA. This is a very interesting ®nding because in our pilot report (Grachev and Apkarian 2001b) we found that the connectivity (correlation strength) for neurotransmitters (GABA and glutamate) was stronger than for the other studied chemicals, pointing that neurotransmitters may deteriorate ®rst with aging. Another interesting ®nding is that there was no evidence for NAA correlation-strength differences between age groups, which is consistent with our previous report of minimal losses of NAA concentration in aging (Grachev and Apkarian 2001a) . In the latter report, we discussed the question about loss of neurons (NAA is a wellde®ned neuronal marker) vs. neurotransmitters in aging, as this information might be important for our understanding of pathological aging processes. Signi®cant losses of neurons and their synapses were also found in the frontal cortex of the biopsied patients with Alzheimer's disease (DeKosky and Scheff 1990; DeKosky et al. 1992) , although prior studies suggest that the neurodegenerative processes associated with normal aging and with Alzheimer's disease are qualitatively different, and that Alzheimer's disease is not accelerated by aging (it seems that this disorder is a distinct pathological process; West 1994). However, similar to normal aging, the pathologic decline in neurotransmitter levels (including GABA and glutamate) has been shown in the brain of patients with Alzheimer's disease (Selkoe and Lansbury 1999) . Given that chemical-concentration changes with aging (including for neurotransmitters) were in the opposite direction to chemical correlation-strength differences, speci®c changes in the pattern of overall brain connectivity with increased age (mostly interregional brain connectivity) might be explained as evidence for adaptive or compensatory changes (elongated dendrites ; Flood 1993; Flood and Coleman 1993) in a situation of reduced levels of brain chemicals during normal aging. These changes may also be considered as evidence of reorganization of MCNP in the brain in aging. Moreover, elongated dendrites and increased number of synaptic connections with aging may cause the overall chemical correlation-strength changes (increased) as a re¯ection of myelination changes and the subsequent speed-up of all networking connections. We consider this MCNP reorganization as a highly adaptive process to keep functional and chemical network integrity across the studied brain regions in aging. Stronger chemical connections may be required to maintain optimal levels of brain function and metabolism in the situation when chemical concentrations in the brain are reduced and functional integrity across brain regions needs to be preserved. The same mechanism may be responsible for the relationships across brain regions in other neurodegenerative conditions (e.g. Alzheimer's disease), and this may in fact be a general mechanism that controls the overall brain metabolism, depending on the speci®cs of the brain degeneration. Decreased levels of overall negative connectivity across brain regions may be a re¯ection of reduced inhibitory control mechanisms in aging, which is consistent with previous ®ndings of decreased brain GABA levels in older ages (Novotny et al. 1999; Grachev and Apkarian 2001a) . Decreased numbers of brain GABAergic neurons was also demonstrated using animal models of aging (Shetty and Turner 1998) , which appears to be the major cause of age-related de®cits in the inhibitory control. Agerelated reduction of inhibitory processing in humans was shown in cognitive experiments (Spencer and Raz 1995; West 1996; Chao and Knight 1997; May et al. 1999; Rypma and D'Esposito 1999) . These results also suggest the loss of inhibitory control of the brain with aging, demonstrating cognitive impairments.
The pattern of MCNP reorganization with aging seems to be less focused on the speci®c brain regions (we consider these changes as a non-speci®c regional process, which is consistent with the proposed hypothesis of general mechanisms of adaptation that controls the brain metabolic equilibrium), such as prefrontal cortex, even though this area shows the largest age-dependent reduction of chemical levels (neurotransmitters were changed the most). We found a highly signi®cant age-related increase of chemical correlation strength for all chemical interactions for cingulate cortex, SMC and the thalamus (inter-regional connectivity), although intraregional connectivity of the same brain regions was found to have decreased with increased age. These three brain areas become involved in overall region-to-region MCNP reorganization with aging. The speci®c role of these brain regions and their interaction, as a part of large-scale adaptive MCNP reorganization, remains to be studied. It also suggests that these regional chemical changes may be maturational (improvement) with possible deterioration occurring at a later age when adaptive mechanisms almost fail to compensate for deterioration of the overall brain metabolism. Limitations of the 1 H-MRS method were discussed in our previous report (Grachev and Apkarian 2001a) .
The mechanisms of MCNP reorganization in aging are still not fully understood. Although cortical plasticity, which may underlie this reorganization, has been reported Merzenich 1998a, 1998b; Kaas 1998; Kaas and Ebner 1998; Kilgard and Merzenich 1998; Xerri et al. 1998 Xerri et al. , 1999 Kaas 1999; Kaas et al. 1999; Wu and Kaas 1999) . It is well known that the brain is a very dynamic and plastic system. The brain is continuously reorganizing from task-to-task in normal everyday life. The current working model of the neural mechanisms of brain plasticity is that it is a result of synaptic plasticity (Buonomano and Merzenich 1998a; Kaas et al. 1999) . It looks like in aging these neural mechanisms are trying to compensate for neuronal loss (reduction of cortical neurons over the life-span, including the ages studied, has been demonstrated; Terry et al. 1987; Pakkenberg and Gundersen 1997) , which may result in building more synaptic connections (dendrites lengthen with normal aging to compensate for lost neurons ; Flood 1993; Flood and Coleman 1993) across neuronal nets to transmit the certain amount of metabolites and to keep optimal levels of cognitive functioning and behavior. Increase of the overall chemical correlation strength across brain regions with aging may be a re¯ection of these increased temporally coherent neuronal nets (the number of dendrites and synaptic connections across brain regions may be increased as a result of sprouting), which release multiple chemicals. These temporally correlated chemicals, which are organized in complex functional networks, may explain the mechanisms of MCNP reorganization in aging (formation of more ef®cient brain-chemical networks in a situation of neuronal loss and degeneration). A competitive postsynaptic normalization (Buonomano and Merzenich 1998a) may be another possible mechanism of MCNP reorganization with aging. In the latter model the total number of neurons and synaptic connections is maintained unchanged. Although, in a situation when some synapses are weakened, other synapses will be increased, and vice versa, which may give rise to coherent nets of inactive vs. active synapses. When these mechanisms fail, the brain metabolic equilibrium is changed and brain disease may develop. Decreased brain GABA levels in aging may be another possible mechanism that can facilitate the plastic changes. All possible mechanisms of MCNP reorganization (including speci®c age-dependent effects) remain to be determined. Plastic changes in the brain have been described also in different chronic-pain states (Flor et al. 1995 (Flor et al. , 1997 Chen et al. 1998) . In our most recent study we described the MCNP reorganization in chronic back pain using the same 1 H-MRS approach . Our current results of age-differential MCNP changes suggest that three brain regions (cingulate cortex, SMC and the thalamus) are stronger than the other studied regions involved in plastic changes in aging, which could be explained as the result of maturational or adaptive changes within these brain regions in the younger transition age period (19±52-year-old). These hypotheses remain to be tested in future research.
In conclusion, age-differential brain-chemistry changes and MCNP patterns across different regions and chemical types are presented in this paper. The relationships between brain-MCNP and brain-chemistry changes in aging remain to be determined. The results of this study suggest that aging of the brain may cause marked neuronal regression in the prefrontal cortex. Also, aging is associated with a nonspeci®c regional reorganization of MCNP of the human brain as a result of this neuronal regression, which also may re¯ect the metabolic response on the heterochronic regressive changes in the brain that we described in our previous report (Grachev and Apkarian 2001c) . In the younger age transition these changes mostly affect neurotransmitters (i.e. GABA and glutamate levels and correlation strengths). Some of the observed changes in MCNP reorganization with aging may be a re¯ection of adaptive or compensatory changes (we consider these changes as a maturation or improvement, although possible deterioration may occur at a later age transition). The proposed 1 H-MRS approach and correlation analysis can be used as a valuable tool to the study of brain chemistry and MCNP, and their relationships in normal and abnormal aging. Future studies should be focused on evaluation of mechanisms of the brain MCNP reorganization in aging and in different neurodegenerative brain disorders.
